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Meso-scalesimulationsof a compactionwave in a granularbedof HMX have beenperformed. The grainsare fully
resolvedin orderthat thecompaction— porositybehindthewave front — is determinedby theelastic-plasticresponse
of the grainsratherthanan empirical law for the porosityasa function of pressure.Numericalwave profilesof the
pressureandvelocity arecomparedwith datafrom a gasgun experiment. The experimentusedan initial porosityof
36%, andthewave hada pressurecomparableto theyield strengthof thegrains.Theprofilesaremeasuredat thefront
andbackof thegranularbed.Thetransittime for thecompactionwave to propagatebetweenthegaugesdeterminesthe
wave speed.Thewave speeddependson theporositybehindthewave andis affectedby thestrengthmodel. Theyield
strengthneededto matchtheexperimentalwave speedis discussed.Analysisof theleadwave throughthegranularbed,
basedon impedancematchesusing the Hugoniot loci, indicatesthat the compactionwave triggersa small amountof
burn, lessthan1% massfraction,on themicro-secondtime scaleof theexperiment.

I. INTR ODUCTION

Granularexplosivesareusedasa model for damagedex-
plosives.Damagegivesriseto porosityandgreatlyincreases
the ignition sensitivity. Sensitivity is determinedby the for-
mationof hotspotswhenacompressivewavepropagatesin a
heterogeneousmedium.Hot spotsaresubgrainin extentand
evolve on a fasttime scale.Typically, the spatialscaleis on
the orderof micronsand the temporalscaleis on the order
of micro-seconds.Meso-scalesimulations— continuumme-
chanicscalculationwhichresolveindividualgrains— arecur-
rently theonly meansof obtainingdetailedinformationonthe
small spatialand temporalscaleswhich control the buildup
andtransitionto a detonationwave.

As a test that the simulationscapturethe mechanicalre-
sponseof a heterogeneousmaterial,we computea propagat-
ing compactionwave in agranularbedof theexplosiveHMX
(cyclo-tetramethylene-tetranitramine) and comparewith ex-
perimentaldataof thewave profile. Thewave strengthin the
experimentshaveapressurecomparableto theyield strength.
In this regime most of the porosity is squeezedout but the
temperatureof thehot spotsis low enoughto treattheHMX
asinert.

Thecompactionwaveexperimentaredescribedin [1]. The
experimentalsetupis shown in figure1. A Kel-F projectileis
acceleratedby a gasgunandimpactsa targetassemblycon-
sistingof a front disk of Kel-F, a granularbedof HMX anda
backdiskof TPX. For thecaseconsideredhere,theprojectile
velocity is 288m/sandthebedis composedof crystalswith a
meanparticlesizeof 120µm anda porosityof 36%.

Theexperimentis designedto beone-dimensional.A wave
diagramis shown in figure2. Gaugesat thefront andbackin-
terfaceof thegranularbedmeasurethetimehistoriesof either
thepressureor thevelocity. A pair of experimentsis usedto
obtainbothquantities.Thefront gaugecapturestheprofileas
the incidentshockin thefront disk matchesinto thegranular
bedandtheprofile of thereturnwave reflectedfrom theback
interfaceof thegranularsample.Thebackgaugecapturesthe
profile when the compactionwave reflectsoff the interface
betweenthegranularbedandthebackdisk. Thetransittimes

betweenthesignalsatthefront andbackgaugesdeterminethe
speedsof theincidentandreflectedwavesin thegranularbed.
Thewavespeedsandwaveprofileswill becomparedwith the
resultsof simulations.

Meso-scalesimulationsof the experimentsareperformed
with an Eulerian continuummechanicscode developedby
David Bensonat the Universityof California,SanDiego. A
similarcodehasbeenusedpreviouslyto studysinteringor dy-
namiccompactionof powderedmetals[2,3]. Herewearecon-
sideringweaker waveswith a stresscomparableto the yield
strength,andaim to comparequantitatively with experimen-
tal data.

The grainsaremodeledasan isotropicelastic-plasticma-
terial. Compressionof the granularbed leadsto stresscon-
centrationsat the contactbetweengrains. When the stress
concentrationsexceedthe yield strength,the grainsdeform
plastically. Thechangein theshapeof thegrainsallow them
to packmoretightly togetheranddecreasestheporosityof the
bed. For a compactionwave, the valueof the yield strength
affectsthe changein porosityacrossthe wave front, andthe
porosity behindthe wave affects the wave speed. The first

Kel-F Impactor
Kel-F
front
disk

HMX powder
~3.9mm thick

TPX or
PMMA
back
disk

Stress or
particle-
v� elocity
gauge

FIG. 1. Schematicof compactionwave experimentfrom [1]. The
impactor is projectile from gasgun. Target assemblyconsistsof
granularsampleof HMX betweena front disk of Kel-F anda back
diskof TPX.
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FIG. 2. Wave diagramof flow generatedby gasgunexperiment.
Granularsampleshown in gray andwave fronts asdot-dot-dashed
lines.

finding of the simulationsis that matchingthe compaction
wave speedrequiresa low valueof the yield strengthcom-
paredto the value inferred from single crystal experiments.
The discrepancy is related to the size distribution of the
grainsand the dimensionality(two-dimensionalsimulations
for three-dimensionalgrains),bothof which affect thestruc-
tureof thegranularbed.

A secondfinding is that the strengthof the reflectedwave
from thebackof thesampleis lowerin thesimulationthanthe
backgaugedataof theexperiment.Moreover, thegaugedata
is notcompatiblewith impedancematchesbasedontheshock
Hugoniotsof shock compressedHMX and the TPX back-
ing. The discrepancy canbe explainedby assuminga small
amountof burn, lessthan1% massfraction,which would in-
creasethe strengthof the compactionwave as it propagates
betweenthe front and the back gauges. The small amount
of burn is compatiblewith deflagration-to-detonationexper-
imentson granularHMX [4] which show on a longer time
scalethanthe gasgun experiment(100µs comparedto 8µs)
thata compactionwave of thesamestrength(generatedby a
200m/s piston) transitsto a detonationwave. Thus,thereis
experimentalevidencethathot spotsgeneratedby evenweak
compactionwave arestrongenoughfor somedecomposition
to occuron a micro-secondtime scale. However, dueto the
limited numericalresolution— 1% burnfractioncorresponds
to roughly1 cell pergrain— it is notpossibleto calculateac-
curatelysmallamountsof burn,andthesimulationsdiscussed
heretreatthegrainsasinert.

The setupfor the simulation is describedbriefly in sec-
tion II. Resultsof thesimulationsanda comparisonwith the
experimentaldataarepresentedin sectionIII. Theimpedance
matchis analyzedin sectionIV. The analysisdemonstrates
thata smallamountof burn is neededfor consistency of the

FIG. 3. Initial configurationfor simulation. Granularbed has
36% porosity. Black regionsarevoidsandrepresentporesbetween
grains.Leftmostregion is givenaninitial velocity correspondingto
theprojectilefrom thegasgun.

experimentaldata.We concludein sectionV with remarkson
theyield strengthandissueswith includingreactionin simu-
lations. Justassimulationsof wavesin a heterogeneousma-
terial aresensitive to modellingdetails,suchasyield strength
andgranularstructure,simulationsof reactive materialswill
be sensitive to additionalaspectsof the model, suchasdis-
sipative mechanisms.Nevertheless,reactive simulationsare
neededto understandinitiation mechanisms,and additional
work is warranted.

II. NUMERICAL MODEL

The initial configurationfor the two-dimensionalsimula-
tions are shown in figure 3. The computationaldomain is
5 � 4mm � 1 � 5mm. It consistsof threeregion: the Kel-F front
disk, � 0 � 5 � x � 0mm; theporoussample,0 � x � 3 � 9mm;
andthe TPX backdisk, 3 � 9 � x � 4 � 9mm. The front disk is
split into two regions. Theflow is startedby giving the left-
mostregionaninitial velocitycorrespondingto thevelocityof
theprojectilefrom thegasgun,288m/s.This allows theinci-
dentshockin thefront diskto form beforeinteractingwith the
sample.A transmittingleft boundaryallows reflectedwaves
to escape,andmimicstheeffectof a largerfront disk. Thetop
andbottomedgeshavereflectingboundaryconditions.

Thegrainsof thesamplearerandomlydistributedandcor-
respondto alooselypackedbed.Circulargrainsareusedwith
a diameterof 0 � 12mm� 10%. Thecell sizeusedfor thesim-
ulationsis 10microns,which correspondson averageto 12
cellsin a graindiameter.

A hydrostaticequationof state(EOS)plusanelastic-plastic
strengthmodel are usedfor the constitutive relation of the
HMX grains. The EOS is of the Mie-Grüneisenform with
a referencecurve basedon a linear us–up fit to the principal
shockHugoniot.Thestrengthmodelis isentropicwith a con-
stantshearmodulusandvon Misesyield strengthfor ratein-
dependentplasticity. A Mie-GrüneisenEOSis alsousedfor
theKel-F andTPX. Theparametersarelisted in tableI. The
packingalgorithm, constitutive relationsand previous com-
pactionwavesimulationsaredescribedin [5,6].

Two columnsof Lagrangiantracerparticles(one particle
percell in they-direction)areincludedin thesimulations.The
columnsarelocatedonecell from theinterfaceswith thegran-
ular bed;the front columnin the Kel-F andthe backcolumn
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TABLE I. Constitutive parametersfor materials.

HMX Kel-F TPX

c0 2.65 2.03 2.17 km� s Bulk soundspeed
s 2.38 1.64 1.52 — Slopeof us–up relation
Γ � V 2.09 2.33 0.91 g� cm3 Grüneisencoefficient
ρ0 1.9 2.12 0.83 g� cm3 Initial density
G 12. — — GPa Shearmodulus
Y 0.26 — — GPa Yield strength

in theTPX.Thevaluesof thevelocityandstressateachtracer
particlein acolumnareaveragedin orderto comparewith the
gaugedata.

III. COMPARISON WITH EXPERIMENTS

The first simulation used a value of the yield strength
(2 � 6kb) inferred from wave profile experimentsin a single
crystal of HMX [7,8]. The stressfield and porosity profile
of thecompactionwaveareshown in figure4. Dueto thema-
terial heterogeneities,the stressfield is not uniform. Stress
concentrationsariseat thecontactsbetweengrains.Whenthe
stressconcentrationsexceedtheyield strength,thegrainsde-
form plasticallyandsqueezesout someof theporespace.In
this casethe porositybehindthe wave is between2 and4%.
Despitethefluctuations,theaveragestressprofileis quitesim-
ilar to a wave in a homogeneousmaterial. However, the rise
time dependson the grain structureand is not asnarrow as
would bethecasefor a shockwave in a homogeneousmate-
rial.

A comparisonwith thegaugedata[1, fig. 2.7] is shown in
figure5. Thecompactionwave speedin thesimulationis too
fast,andleadsto a 0 � 2µs timing errorat thebackgauge.This
can be understoodby examining the Hugoniot jump condi-
tionsfor aporousmedium.

The conservation of mass,momentumandenergy canbe
expressedas

J
�
φρ � up � us	�
� 0 (1)

J
�
φρ � up � us	 2 � φP
 � 0 (2)

J
�
φρ � up � us	�� e � 0 � 5 � up � us	 2 � P� ρ � 
 � 0 (3)

whereρ is thedensityof the grains,φ is thevolumefraction
of thegrains,up is theparticlevelocity, us is thewave speed,
e is thespecificinternalenergy andP � P � ρ � e	 is thepressure
within agrainandJ � Q� is thejumpin Q acrossthewavefront.
Becauseof the additionaldegreeof freedomassociatedwith
theporosity, to obtaintheHugoniotlocus,thejumpconditions
mustbesupplementedwith acompactionlaw of theform

P � β � φ 	 � (4)

Without knowing thecompactionlaw, onecanstill relatethe
wavespeedto theporositybehindthewave.
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FIG. 4. Compactionwave beforefront (x > 3 ? 4mm) reachesthe
backof thesample(x @ 3 ? 9mm); timeof 5µs. Blackregionsin stress
field arevoids andrepresentporesbetweengrains. Profilesareav-
eragesin they-direction,i.e., transverseto thewave propagation.In
addition,theporosityprofileis smoothedby takingarunningaverage
in thex-directionover a distanceof 1 grain.

A materialcansupportanon-zeroporosity(φ � 1) only for
P A Y. Typically, the yield strengthY is muchlessthanthe
bulk modulus. Thus, when the porosity is non-zero,it is a
goodassumptionthat ρ is constantandthecompressionin a
compactionwave is dueto the changein φ. In this case,the
jumpconditionfor massconservationreducesto

us � up

1 � φ0 � φ
� (5)

Hence,for agivenpistonvelocityu, thewavespeeddecreases
astheporosity(1 � φ) behindthewavedecreases.

To bequantitative,onecansolvefor theHugoniotlocusus-
ing theHMX equationof stateandthecompactionlaw based
on thequasi-staticcompressiondataof Elban& Chiarito [9],
shown in figure6. Fromthe front gauge,thevelocity behind
the compactionwave is 0 � 22mm� µs. With this particleve-
locity, the wave speedasa function of porosity is shown in
figure7.

Basedon the transittime from the gaugedata(5 � 9µs) and
the lengthof thesample3 � 9mm, thecompactionwave speed
is 0 � 66mm� µs. We then infer from figure 7 that the poros-
ity behindthe wave is nearlyzero. This is smallerthan the
computedporosityin thesimulation.
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FIG. 5. Comparisonbetweenexperiment[1, Fig. 2.7] andsimu-
lation usinga yield strengthof 2 ? 6kb. Black lines aregaugedata.
Thin line indicatespossiblecontaminatedwith side rarefactions.
Grey linesarefrom tracerparticlesin simulationwith yield strength
of 2 ? 6kb.

Theporositybehindthewavedependsontheyield strength
andalsotheshearmodulus.A lower yield strengthdecreases
the porosity and hencelowers the wave speed. In the next
simulation,theyield strengthis loweredto 1kb. This is suffi-
ciently low to obtaina smallporositybehindthecompaction
wave. The comparisonwith the gaugedatafor this caseis
shown in figure 8. It canbe seenthat the transit time of the
compactionwave is now in goodagreementwith theexperi-
ment.Moreover, thetransittime of thereflectedwave is also
fairly close.

Converselya higher yield strengthincreasesthe porosity
and increasesthe wave speed. A simulationusing a yield
strengthof 3 � 7kb resultedin 10% porosityand timing error
of 1µs for the signalat the backgauge.The importantpoint
is that the porositybehinda compactionwave canbe deter-
minedby measuringthewave speed.Thequestionof why a
low yield stressis neededto obtainthemeasuredporositywill
bediscussedlater.

Thoughthe wave speedsarein goodagreement,thereare
threesignificantdiscrepanciesin thecomparisonbetweenthe
simulationsandthe gaugedata. The first is the overshootin
the profile at the front gaugeof the simulationcomparedto
thedata.Thesecondis the low velocity andlow stressat the
backgaugein thesimulationcomparedto thedata.Thethird

FIG. 6. Quasi-staticcompressiondata.Solid linesaredatafrom
Elban & Chiarito [9]. Dashedgrey line is fit usedfor calculating
porousHugoniot. Dottedgrey line is artificially loweredconfigura-
tion pressurein orderto obtainfull compactionbehindwave front.

FIG. 7. Variation of wave speedwith volume fraction behind
compactionwave with aparticlevelocity of 230m/s.

is the slow variation in the experimentalrecordat the front
gaugecomparedto the nearly constanttime historiesin the
simulation.We next discusstheseissues.

Fromtheinitial configurationshown in figure3, weseethat
thegrainpackingresultsin someporesadjacentto the inter-
facewith Kel-F. As a consequence,whenthe incidentshock
wavematchesinto thegranularbed,someKel-F is blown off
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FIG. 8. Comparisonbetweenexperimentand simulation that
usesreducedyield strength.Black linesaregaugedata.Thin line in-
dicatespossiblecontaminatedwith siderarefactions.Grey linesare
from tracerparticlesin simulationwith low yield strengthof 1kb.

thesurfaceinto thepores.This is seenin anexpandedview of
theinterfaceshown in figure9. Thus,a transientoccurswhile
the compactionwave profile is forming in which the parti-
clevelocityof thematerialoppositetheporesincreasesrather
thanmatchingdown as is the casefor the materialadjacent
to the grains. After the wave profile is formed,the interface
settlesdown to a uniform velocity. Averagingthe tracerpar-
ticlesresultsin a overshootwhich thendecaysto theparticle
velocitybehindthecompactionwave.

The granularbed in the experimenthasa distribution of
grain sizes. Very likely small grainsfill in the poresat the
interface. In addition,the Kel-F is visco-elasticanda shock
hasa profile with a non-zerowidth. The combinedeffects
very likely aresufficient to explain the differencein the ve-
locity profile at the front gaugeduring the rise time of the
compactionwave.

The transientpeakin the simulatedpressureprofile at the
front gaugecorrespondsto thepressureof theincidentshock
in theKel-F. Theexperimentalprofilehasa lowerpeakduein
partto theresponsetimeof thepressuregauge,thematchinto
thegaugematerialsandalsothewidth of the incidentshock.
The simulationdoesnot have the resolutionto modelaccu-
rately thegaugesor thesmallgrainsin thesizedistribution.

FIG. 9. Expandedview of interfaceadjacentto front gaugeat
early time (2µs). Light grey correspondsto Kel-F front disk, dark
grey to HMX, andblack regionsto voids or poresbetweengrains.
Compactionfront is at aboutx @ 1mm.

Thus,thesimulationcannot beexpectedto capturethetran-
sientbehavior of the shockmatchinto thegranularbed. Af-
ter thecompactionwave is formed,thesimulationdoesagree
with thevaluesbehindthefront reasonablywell.

IV. IMPEDANCE MATCH

To understandthe low valuesof the pressureandvelocity
in thesimulationcomparedto thebackgaugesin theexperi-
ment,we studytheimpedancematchof thecompactionwave
in the granularHMX with the backdisk of TPX. The wave
curves,in the (velocity, stress)–planefor the graphicalsolu-
tion to theimpedancematchproblem,areshown in figure10.
Two casesaredisplayed.Theblacklinesrepresenttheporous
Hugoniotwith the compactionlaw basedon the quasi-static
experimentswhile thegrey linesrepresentanartificially soft-
enedcompactionlaw in orderto achievefull compaction(zero
porosity) for the compactionwaves of interest. Thesetwo
casescorrespondto the configurationpressuregiven by the
dashedanddottedgrey curvesin figure 6. The main differ-
enceis that the slopeof the reflectedwave curve (solid lines
in figure 10) is larger when the granularbed is fully com-
pacted.The fully compactedcaseis consistentwith thesim-
ulation using the lower yield strength(correspondingto the
softenedcompactionlaw) but not with the experiment. The
slight differencewith the simulationis dueto neglectingthe
contribution from thestressdeviator in computingtheporous
Hugoniotlocus.

In generalit follows from the slope of the wave curves
that for an impedancematch the velocity decreaseswhen
the stress increases. Yet the experimental velocity for
the reflectedwave is slightly higher than the velocity of
the incident compactionwave. The impedancematch is
basedon the assumptionthat the compactionwave doesnot
changestrengthas it propagatesacrossthe sample. The
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FIG. 10. Wave curvesfor impedancematchat backinterfaceof
sample.ShortdashedlinesareHugoniotloci in porousHMX. Long
dashedline is shocklocusfor TPX. Solid linesarereflectedHugo-
niot loci in shockcompressedsample. Black lines computedwith
experimentalcompactionlaw andgrey lineswith low configuration
pressurein order that wavesof interestarefully compacted.Solid
andopensymbolscorrespondto incidentandreflectedstates.Black
circlesandsquaresrepresentexperimentaldataandvaluesfrom sim-
ulation, respectively. Grey diamondsrepresentimpedancematch,
with largeandsmallsymbolscorrespondingto high andlow config-
urationpressure,respectively.

assumptionis valid for thesimulationbut not for theexperi-
ment.Thefront gaugedatashowsaslow risein thestressand
a decreasein thevelocity.

The gaugerecordsuggeststhat the compactionwave trig-
gersa smallamountof decomposition.Thewave strength,as
measuredby thestress,increasesby 15%, from 2kb to 2 � 3kb.
Theimpedancematchwith thisstrengthfor theincidentcom-
pactionwave is shown in figure11. We notethattheassump-
tions— thewave strengthensasit propagatesandthereis no
porositybehindthecompactionwave — leadto goodagree-
mentwith both the experimentalwave speedof the incident
compactionwave andthereflectedwave strengthat theback
boundary.

The amountof burn neededto increasethe compaction
wave strengthcanbeestimatedfrom theassumptionthat the
gaseousproductsandthesolid HMX arein pressureequilib-
rium. Constantvolumeburn for HMX resultsin a pressure
of about150kb. Thehigh pressuregaseousproductsthenex-
pandsuntil it reachesthe compactionwave pressure,2 � 3kb.
Theexpansioncanbeestimatedfrom theadiabaticexponent,
2 � 3� 150 � � ρg � ρs	 γ. Assuminganaveragevalueof γ � 2, the
gaseousproductsexpand8 fold. Let themassfractionof burnt
HMX beλ. Thentheexpandinggascompressesthesolid by

FIG. 11. Wave curves for impedancematchat back interface
of sampleassumingburn increasespressureof incidentshockfrom
0.19GPa to 0.23GPa. Linesandsymbolshave thesamemeaningas
in previousfigure.

an amountV � V0 � � 1 � ρs
ρg

λ 	 �_� 1 � λ 	 . The pressurerise of

0 � 3kb is givenby � 1 � V � V0 	 K � � ρs � ρg � 1	 λ �_� 1 � λ 	 K. Us-
ing for thebulk modulusK � 130kb,givesavaluefor theburn
fractionof lessthan1%.

Treatingthegrainsasinert is the likely explanationof the
discrepancy betweenthesimulatedresultsandtheexperimen-
tal data.With theresolutionusedin thesimulation,theneeded
burning would correspondto only 1 cell per grain. Sucha
smallamountof burningwould bedifficult to computeaccu-
rately.

V. FINAL REMARKS

The meso-scalesimulationsof compactionwaves agree
fairly well with the gaugedata from gasgun experiments.
Moreover, othersimulationswith twice the resolution(5 mi-
croncell size)give essentiallythesameresults.Thus,theav-
eragemechanicalbehavior of acompactionwavein agranular
bedcanbesimulatedfairly well.

We concludewith a discussionof two issues.The first is
the low yield strengthneededto match the experimentally
measuredcompactionwave speed. The secondis the topic
of including burn in the simulations. Reactive simulations
areneededin order to understandthe initiation processsuf-
ficiently well to develop betterburn models. In particular,
meso-scalesimulationsshouldbe able to determinethe ex-
tentto whichdissipativeenergy canbelocalized,andthusthe
sizeandpeaktemperatureof a hotspot.
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A. Yield strength

The compactiondynamicsis determinedby the plasticity
modeldescribingthestrengthof thegrains.Theconditionfor
plasticflow usedhereis basedon a von Misesyield strength.
Theyield strengthinferredfrom wave profile experimentsin
a singlecrystalof HMX [7,8] is 2 � 6kb. This is compatible
with thecrush-uppressurein quasi-staticcompressionexper-
iments [9] and with experiencefrom pressingHMX based
plastic-bondedexplosives, namely, after pressingto a pres-
sureof 20,000psi (1.4kb) a porosity of a few per cent still
remains. On the otherhand,the yield strengthof 1 � 3kb in-
ferredfrom hardnessmeasurements[10,11] is half the value
obtainedfrom the wave profile experiments. This discrep-
ancy may be relatedto the preferredslip directionswithin
the crystal and the extent to which different stimuli couple
to thoseslip directions. Simulationswith the lower valueof
yield strengthagreewith the experimentanalyzedhere. But
thereareotherfactorsto consider.

Stressbridging is observed to occurundera staticelastic
load. It alsocanbe seenin the stressfield behindthe com-
pactionwave, figure4a. As the load is increased,stresscon-
centrationsat thecontactsbetweengrainsgivesrise to local-
ized plasticflow. Several factorsaffect the stressconcentra-
tions. One is the distribution of grain sizesand the way in
which grainsare packed. Typically, the grainshave a log-
normal distribution. To achieve lower porositiesin plastic
bondedexplosives,bimodal distributions are used. For our
simulations,thegrainshaveavariationin radiusof 10% with
a uniform distribution. This choiceis basedon thecomputa-
tionalcell sizewhichdid notallow smallgrainsto beresolved
adequately. In addition,the stressconcentrationsdependon
the dimensionality. The calculationsare two-dimensional
while in reality thegranularbedis three-dimensional.All of
thesefactorsaffect theporositybehindacompactionwave.

Finally, we note additionalgasgun experiments[1, Fig.
2.8] in whichtheprojectilehadthesameimpactvelocity. With
the sameporosity but fine grains(averagesize of 10 to 15
micron), the transit time of the compactionwave acrossthe
granularbed is 0 � 8µs lessthanwith the coarsegrains(aver-
agesizeof 120micron). This raisesthewave speedby 14%.
Thewave speedis thancomparableto thevaluepredictedby
thesimulationwith theyield strengthbasedon thewave pro-
file experiments.Two otherexperimentswith alowerporosity
(26% ratherthan35%), onewith fine grainsandthe second
with coarsegrains,have the sametransittime. Basedon the
velocityat thebackgauge,wecaninfer decompositionoccurs
only in theexperimentswith coarsegrains.Gaugerecordsfor
otherexperimentsat a higher impactvelocitiesshow a sub-
stantialamountof decomposition[1, Fig. 2.14]. Again the
amountof decompositiondependson thegrainsize.

B. Issueswith burn

The mechanicalproperties of a compaction wave are
largely determinedby the jump conditionsderived from the

conservation laws. The heterogeneities,on average,only af-
fect the width of the wave profile. In contrast,fluctuations
causedby theheterogeneitiesareimportantfor reactivemate-
rials. Becausechemicalreactionratesarestronglytempera-
turedependent,theburn rateis determinedby hot spots,i.e.,
thetail of thetemperaturedistribution. Thesizeandpeaktem-
peratureof hot spotsareaffectedby detailsof themodeland
are more difficult to simulateaccurately. The natureof the
heterogeneities— grainsizedistribution,two-dimensionalvs.
three-dimensionalpackingandorientationof anisotropiccrys-
tallinegrains— canbeexpectedto affect thetemperaturedis-
tribution. In addition, the dissipative mechanismsthat give
riseto thewaveprofile areimportant.

The simulations reported here include three dissipative
mechanisms:(i) plasticwork, (ii) shearviscosity, and(iii) arti-
ficial viscosity. In addition,othersimulationswereperformed
with aratedependentplasticitymodel.Thedissipationoccurs
mainlynearinterfacesbetweengrains.Thepeaktemperatures
dependon how small a volumethe dissipative energy is lo-
calizedin, andfor a simulationis affectedby the resolution.
With theresolutionof our simulations,thepeaktemperatures
arebelow themelt temperatureof HMX. Temperaturesabove
meltingareneededfor significantdecompositionto occuron
themicro-secondtimescaleof thegasgunexperiments.Thus,
burning wouldn’t have occurredeven if the simulationsin-
cludedareactionrate.

One dissipative mechanismthat is conspicuouslyabsent
from our simulationsis frictional heatingat grainboundaries.
Thedilemmais thatin orderto calculatelargedistortionof the
grains,Eulerianalgorithmssmearout interfaceswith mixed
cellsandthusmake it difficult to accountfor physicaleffects
at interfaces.In addition,theestimateof theresolutionneeded
for frictional heatingis sub-micron[12] andwouldbecompu-
tationallyimpracticalwithout a subgridmodel.Similarly, de-
flagrationwave fronts initiatedby hot spotsarevery thin and
would requirea subgridmodel.

For stronger waves (stressmuch larger than the yield
strength)thedominantheatingmechanismis undoubtablydue
to the implosionof theporesor void collapse.Dependingon
the Reynolds number, void collapseleadsto either viscous
heatingor micro-jetting (which generatesheatwhen the jet
stagnateson thebacksurfaceof thepore).Bothviscousheat-
ing andmicro-jettingcanproducehot spotswith sufficiently
hightemperaturesto achievelargereactionrates.Therequired
resolutionwould dependon the pore size and is likely less
stringentthanis neededfor dissipativemechanismsthatdom-
inateweakwaves.
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